Systemic tolerance can be induced by the introduction of antigen into an immune-privileged site. Here we investigated the role of complement in the induction of tolerance after intraocular injection. We found that the development of antigen-specific tolerance is dependent on a complement activation product. The ligation of the complement C3 activation product iC3b to complement receptor type 3 (the iC3b receptor) on antigen-presenting cells resulted in the sequential production of transforming growth factor-β2 and interleukin-10, which is essential for the induction of tolerance. These observations may extend to the development of both neonatal tolerance and other forms of acquired tolerance.
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Complement is a major component of natural immunity. Wellknown effector functions of the complement system include anaphylatoxic activity, opsonization for phagocytosis and lysis of cells or foreign particles 1, 2 . However, in recent years it has become increasingly evident that complement is also involved in antigen-specific immune responses. These include antigen processing and presentation, T-cell proliferation and differentiation, and B-cell activation [3] [4] [5] [6] [7] . Systemic tolerance can be induced by the introduction of antigen into an immune-privileged site 8 . The present study was undertaken to determine the role of complement in systemic tolerance induced by the injection of antigen into the eye.
The anterior chamber (AC) of the eye is an immune-privileged site 8 . After the introduction of antigen into the AC, there is a deviant systemic immune response resulting in the generation of antigen-specific regulatory T cells and the suppression of delayed type-hypersensitivity (DTH)-a phenomenon initially described as F1 lymphocyte-immune deviation 9, 10 , and subsequently described as anterior chamber associated immune deviation (ACAID) 11 . The antigenic signal delivered to the AC is carried into the circulation and delivered to the spleen 11, 12 , where regulatory T cells are generated 13 . CD-1 reactive natural killer T cells are required for the inhibition of DTH after the AC injection of antigen 14 . DTH is a form of T cell-mediated immunity that plays an important role in protection against pathogens [9] [10] [11] [12] [13] [14] . Inhibition of DTH (after intraocular injection) has been reproduced in vitro 15, 16 and has revealed that several immunosuppressive factors are important in the induction of tolerance to antigen 17 . However, the role of complement in the induction of tolerance has not been explored. Suppression of DTH (identical to ACAID) can also be evoked by the intravenous injection of antigen-presenting cells (APCs) pulsed in vitro with soluble antigen in the presence of immunosuppressive factors present in ocular microenvironment 18 .
Previously, we showed that a functionally active complement system is present within the AC of the normal eye 19 . In the present study we investigated whether the presence and activation of complement are necessary for the induction of antigen-specific systemic tolerance after AC injection.
Role of complement in the inhibition of DTH after AC injection
The role of complement in the inhibition of DTH was investigated using Lewis rats depleted of systemic complement by cobra venom factor (CVF). Our results (Fig. 1a) showed that the anterior chamber injection of ovalbumin (OVA) in normal Lewis rats resulted in inhibition of DTH (group 3). However, the in vivo depletion of systemic complement with CVF, before the injection of OVA, blocked (P < 0.001) the inhibition of DTH (group 4) but not OVA-specific DTH (group 2), which was comparable to the normal complement control (group 1). Both groups 2 and 4 received CVF, but the animals in group 4 only were given the AC injection of OVA. A CH 50 hemolytic assay 20 confirmed the absence of functionally active complement from CVF-injected rats (data not shown) for 5 days 19 . Thus, complement seemed to be essential for the inhibition of DTH after the AC injection of antigen.
Role of C3 and iC3b in the inhibition of DTH after AC injection Using C3-deficient mice, we next explored whether the inhibition of DTH required C3. AC inoculation of OVA induced inhibition of DTH in the wild-type control mouse, but not the C3-deficient mouse (Fig. 1b) . Thus, C3 was required for suppression of DTH.
Using the in vitro and in vivo models of suppressed DTH (refs. 15,16), we next studied whether iC3b was required for the inhibition of DTH. In our initial experiments, both polymeric iC3b and iC3b-opsonized erythrocytes (EA-iC3b) were used.
Using the in vitro model of suppressed DTH, our results demonstrated that antigen-pulsed peritoneal exudate cells (PEC) Tolerance is dependent on complement C3 fragment iC3b binding to antigen-presenting cells ARTICLES exposed to piC3b inhibited (P < 0.01) the development of DTH, whereas in the absence of piC3b this effect was not observed (Fig. 2a) . Similar results were obtained with iC3b opsonized sensitized erythrocytes (EA-iC3b; Fig. 2a ). This in vitro model employs antigen, PECs and syngeneic splenocytes to induce regulatory T cells that inhibit the DTH response of antigen-specific sensitized T cells. Similar results were obtained with the in vivo model of suppressed DTH (ref. 18 ). In this model suppression of DTH is evoked by the i.v. injection of APCs pulsed in vitro with soluble antigen in the presence of immunosuppressive factors present in the eye. Animals that received an intravenous injection of OVA-PEC treated with EA-iC3b or piC3b were unable to evoke OVAspecific DTH, whereas recipients of OVA pulsed PEC (OVA-PEC) incubated in the absence of EA-iC3b or piC3b developed a strong DTH response (Fig. 2b ).
These results demonstrate that suppression of DTH is mediated by either piC3b or EA-iC3b; thus, it is iC3b dependent. Furthermore, the possibility that IgM, C1q and C4b-which are present on EA-iC3b-mediated suppression was eliminated by the absence of suppression using control EA (which also contain these molecules 21 ). Thus, EA-iC3b was used in most of our subsequent experiments.
In the next series of experiments, the importance of iC3b at the time of antigen contact was studied. Suppression of DTH was observed in the animals that received an intravenous injection of OVA-PEC cultured with piC3b for only the first 12 hours, as well as for the entire 36 hours (Fig. 2c) . In contrast, the animals that received OVA-PEC cultured in the absence of piC3b for the first 12 hours, followed by culture in the presence of piC3b for the next 24 hours, elicited a strong DTH response to OVA (Fig.  2c) . These findings indicate that the result of antigen contact with the APC is critically dependent on the presence of iC3b. Specifically, antigen contact with PEC in the presence of iC3b results in the inhibition of DTH, whereas the absence of iC3b during the early phase of antigen and PEC contact (that is, within 12 hours) elicits a vigorous DTH response.
The antigen specificity of iC3b-induced suppression of DTH was investigated using the in vitro model. Suppression of DTH was not observed when OVA-PEC exposed to iC3b was mixed with keyhole limpet hemocyanin (KLH)-primed regulatory T cells (Fig. 2d) . These results indicated that iC3b-induced suppression of DTH was antigen specific.
Effect of OX-42 on suppression of DTH
The results of in vitro and in vivo experiments suggested that iC3b was necessary for suppression of DTH. We postulated that the binding of iC3b to PEC (via complement receptor type 3 (CR3)) was responsible for the induction of tolerance; thus, we used the monoclonal antibody OX-42, which prevents the binding of iC3b to CR3, to investigate this possibility. The binding of human iC3b to CR3 present on rat PEC was con- , as well as OVA-PEC cultured with piC3b for 12 h followed by an additional 24 h culture with freshly added piC3b (group 2). Removal of piC3b from the first 12 h culture (group 3) eliminated the suppression of OVA-specific DTH (group 4). d, Antigen specificity (in vitro model). OVA-pulsed PEC exposed to iC3b (group 3) did not inhibit the development of KLH-specific DTH (group 2). Group 1 (positive control) represents DTH to KLH-sensitized splenocytes only. Tx, treatment of the OVA and PEC culture.
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firmed (data not shown) by rosette formation 22 . The in vivo effect of OX-42 on suppression of DTH induced by AC injection of antigen, as well as by the intravenous injection of APCs, was investigated. Blockade of CR3 by OX-42, 24 hours before the AC injection of OVA, reversed (P < 0.01) the inhibition of DTH in Lewis rats (Fig. 3a) . In contrast, DTH was inhibited in control animals injected with normal mouse IgG2a (isotype control).
Additionally, blockade of CR3 by OX-42 reversed (P < 0.01) the suppression of DTH induced by the intravenous injection of OVA-pulsed PEC, cultured in the presence of immobilized iC3b, in Lewis rats (Fig. 3b) . In contrast, iC3b-induced inhibition of DTH was observed in the animals injected with normal mouse IgG2a (Fig. 3b) .
Similar results were obtained with the in vitro model of suppressed DTH. OVA-PEC incubated with EA-iC3b failed to induce suppression of DTH in the presence of OX-42, but not in the presence of isotype control mouse IgG2a (Fig. 3c) . Thus, our in vivo and in vitro data using OX-42 confirmed that the binding of iC3b to its receptor, CR3, on PEC was central to the induction of tolerance.
Effect of iC3b on TGF-β2, IL-10 and IL-12 production by PEC
We studied the expression of interleukin (IL)-10, transforming growth factor (TGF)-β2 and IL-12 by RT-PCR (TGF-β2 and IL-10) and ELISA (IL-10 and IL-12) because of their important role in the development of the DTH response and suppression of DTH. At 24 hours, low levels of IL-10 (190 pg/ml) and extremely low levels of IL-12 (12 pg/ml) proteins were observed by ELISA. The presence of iC3b in the culture did not have any effect on these cytokines at this time point (data not shown). However, at 48 hours the secretion of IL-10 by PEC increased significantly (P < 0.01) when cultured in the presence of iC3b (Fig. 4a ). In contrast, secretion of IL-12 by PEC was significantly (P < 0.01) reduced in the presence of iC3b (Fig. 4b) .
We next examined the effect of OX-42 on the secretion of IL-10 and IL-12 by PEC exposed to both OVA and iC3b in vitro at 48 hours. IL-10 production was suppressed by receptor blocking, as treatment of PEC with OX-42, but not mouse IgG2a, resulted in significantly reduced (P < 0.05) secretion of IL-10 ( Fig. 4c ) and significantly higher (P < 0.05) IL-12 (Fig. 4d) . These results indicated that iC3b binding to CR3 provided the signal that upregulated IL-10 and downregulated IL-12 production by PEC.
Using RT-PCR, we detected constitutive low amounts of IL-10 (292 bp) and TGF-β2 (676 bp) mRNA in OVA-PEC at 0 hours. Amounts of IL-10 and TGF-β2 remained at the low constitutive level for between 3 and 48 hours in the absence of iC3b. In contrast, TGF-β2 transcripts increased at 3 hours in the presence of iC3b and remained at this maximal level for 48 hours (Fig. 5a ). IL-10 remained at the constitutive level at 3 hours, increased at 6 hours and was maintained at that level for 48 hours (Fig. 5a ) in the presence of iC3b. Thus, both TGF-β2 and IL-10 showed an increase in mRNA following incubation with iC3b. The difference in kinetics of IL-10 mRNA and protein production most probably represents the time required for translation, post-translational processing and secretion of the protein.
The sequence of cytokine production was determined by measuring the signal intensity of mRNA for TGF-β2 and IL-10 relative to that of a housekeeping gene, GAPDH. A strong band at 983 bp for GAPDH indicated equal amounts of RNA in each lane. No band was seen in the controls without RNA or reverse transcriptase (data not shown). However, in the presence of iC3b we observed upregulation of TGF-β2 message before that of IL-10 (Fig. 5a) .
The low levels of IL-10 and TGF-β2 in the absence of iC3b can be attributed to the thioglycollate derivation of the PEC. It has been reported that several cytokine mRNAs were detectable in murine thioglycollate elicited PEC, but not in resident macrophages 23 . OX-42 was used to determine if the binding of iC3b to CR3 (on the PEC) is related to the upregulation of TGF-β2 and IL-10 transcripts. At 6 hours we observed a decline in both TGF-β2 and IL-10 to constitutive levels (Fig. 5b) . Our results indicated that the binding of iC3b to CR3 induced PEC to upregulate the secretion of TGF-β2, followed by the upregulation of IL-10.
Effect of antibodies against IL-10 and TGF-β2
We then tested the ability of antibodies against IL-10 and TGF-β2 to modify iC3b induced suppression of DTH using the in vitro model. PEC incubated with OVA, iC3b and goat IgG inhibited DTH. However, Lewis rats injected with OVA-pulsed PEC incubated with iC3b and antibodies against either IL-10 or TGF-β2 showed a positive DTH (P < 0.05; Fig. 5c ). Thus, antibodies against both IL-10 and TGF-β2 reversed the effect of iC3b on the suppression of DTH.
Discussion
We previously showed that the complement system is chronically active in the normal rat eye 19 . The present studies were undertaken to determine if complement is involved in the development of antigen-specific systemic tolerance after intraocular injection. 
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First, we demonstrated that complement was essential for the development of suppressed DTH in the rodent after the AC injection of antigen (that is, ocular tolerance or ACAID) [11] [12] [13] . Lewis rats depleted of complement with CVF (ref. 24 ) did not display inhibited DTH. As C3, the third component of complement, has been demonstrated to have an important role in both T-and Bcell-mediated immune responses [5] [6] [7] , we investigated if it might be required for the inhibition of DTH. We report here, for the first time, that C3-deficient mice 25 were unable to suppress the DTH response to OVA after the AC injection of antigen.
We then focused our attention on iC3b because we noticed that C3 cleavage fragments, including iC3b, are present in the normal rat eye 19 . Using the in vivo and in vitro models of suppressed DTH, we observed that iC3b was important for the inhibition of DTH. The role of iC3b was further probed both in vitro and in vivo using monoclonal antibodies. A monoclonal antibody (OX-42) 26 against CR3, the receptor for iC3b (refs. 27, 28), inhibited both in vivo and in vitro models of suppressed DTH. Our data demonstrated the new finding that iC3b bound to CR3 on APC (that is, PEC) is central to the induction of tolerance after the AC injection of antigen.
Immune privilege in the eye is attributed to several factors such as the lack of lymphatic drainage 17 , soluble immunosuppressive factors [29] [30] [31] , low expression of MHC molecules 32 , and constitutive expression of Fas ligand 33 . The induction of ACAID depends on the presence of TGF-β2 within the anterior chamber 15 . Although many soluble factors in addition to TGF-β2 have been shown to have an important role in ACAID, the possible role of an intraocular complement had not been addressed. Our data suggested that complement is essential for the development of inhibited DTH after the AC injection of antigen and, presumably, for immune privilege within the eye.
Several reports have indicated that C3 and its activation products (C3b and iC3b) are important in the development of T-cell responses. C3b bound to antigen has been shown to enhance Tcell responses, and C3 deposition on APC enhances the proliferation of antigen-specific T cells 5, 7 . Ultraviolet irradiation induces suppression to a contact sensitizer 2, 4-dinitro-1-fluorobenzene (DNFB) in mice and the complement system and iC3b have been implicated in this local immunosuppression 34, 35 . Similar to our observations, in vivo administration of antibodies against CR3 inhibited ultraviolet (UV)-induced immunosuppression and restored the ability to induce contact sensitivity to DNFB (ref. 34) . It has also been reported that locally activated complement was involved in the early events of contact sensitivity to picryl chloride 36 . As IL-10 has been shown to be important in the development of ACAID (ref. 37) , we asked whether iC3b bound to CR3 could alter IL-10 production by PEC. We observed that in the presence of iC3b, PEC increased secretion of IL-10 protein and decreased secretion of IL-12 protein, within 48 hours. When PEC were incubated with OX-42, which blocks iC3b binding to CR3, this effect was reversed. Our data indicated that iC3b binding to CR3 transduced a signal that regulates IL-10 and IL-12 production and secretion from APC.
Our observations are consistent with those reported by others on the effect of complement C3 fragments on IL-12 and IL-10 production. It was previously reported that incubation with dimerized C3b caused the downregulation of IL-12 by human monocytes in culture 38 . Additionally, iC3b deposited in UV-exposed human skin has been shown to induce the secretion of IL-10 and downregulation of IL-12 by monocytes 39 . D'Orazio and Niederkorn reported that deletion of IL-10 by either mAb or the use of IL-10 deficient mice abolished OVAinduced ACAID (ref. 37) . They concluded that TGF-β2 may have an important role in the induction of ACAID through the enhanced secretion of IL-10 by ocular APC. We observed that in the in vitro model of inhibited DTH, antibody against either TGF-β2 or IL-10 reversed iC3b-dependent suppression. Thus, our results are in agreement with the conclusions reached by D'Orazio and Niederkorn 37 and suggest that IL-10 and TGF-β2 play an important role in iC3b induced suppression of DTH.
TGF-β2 has been documented in multiple immune-privileged sites, including the aqueous humor and vitreous humor 15 , and has been implicated as an important factor in the development of tolerance, including ocular and oral tolerance 37, 40, 41 . It is a known inducer of IL-10, although the mechanism of TGF-β-induced IL-10 secretion is unknown. The amount of TGF-β mRNA has been shown to be altered during complement activation 42 . We have observed a novel pathway for iC3b-dependent production of TGF-β2 and IL-10 in the in vitro model of suppressed DTH. Using RT-PCR, we noticed the temporal expression of TGF-β2 and IL-10 transcripts by PEC cultured in the presence of iC3b, with TGF-β2 upregulated earlier than IL-10. Finally, in the presence of OX-42, mRNA production for TGF-β2 and IL-10 was inhibited, indicating that the binding of iC3b to CR3 was required for the induction of these cytokines in APC. 
Our findings describe a novel role for complement in the induction of systemic tolerance to antigen injected into the AC of the eye. Most importantly, this study provides evidence that the presence of a complement activation product, iC3b, during the early phase (within 12 hours) of antigen and APC contact is essential for the development of tolerance. The binding of iC3b to CR3 on APC induced the production and secretion of TGF-β2, followed by upregulation of IL-10, which has been previously shown to mediate the development of suppressed DTH (ref. 37) . It is plausible to assume that these observations can be extended to the development of both neonatal tolerance and other forms of acquired tolerance (for example, oral tolerance).
The complement system provides a unique pathway for immune protection of the eye against infection. It seems to perform two important functions. First, the complement system is continuously activated at a low level in the normal eye 19 . We postulate that this chronic low level of complement activation serves as a primary defense mechanism of the eye against pathogenic infection and is finely regulated by the soluble and membrane-bound intraocular complement regulatory proteins. This enables destruction of the putative pathogen without inadvertent damage of ocular tissue, which is vital for the maintenance of vision. Second, our results in this manuscript demonstrate that iC3b (generated as a result of the low level of complement activation) results in the selective suppression of DTH after the intraocular injection of antigen. In this role iC3b protects the eye from innocent bystander destruction associated with the DTH response to the offending pathogen. This selective suppression of DTH by iC3b does not make the eye vulnerable to pathogenic infection because low-level complement activation serves to clear pathogenic organisms. Thus, in the eye, complement functions as a double-edged sword-it provides innate immunity against pathogens, while simultaneously instructing the adaptive immune response to suppress any harmful, antigen-specific DTH. It is likely that the complement system has a similar role in other immune-privileged sites in which inadvertent tissue damage would be detrimental to organ and host survivalfor example, in the central nervous system.
Methods
Animals. Lewis rats were from Harlan Sprague-Dawley (Indianapolis, Indiana) and wild-type control (for C3-deficient mice), 129 × C57BL/6 F1 mice were from The Jackson Laboratory (Bar Harbor, Maine). This study was approved by the Institutional Animal Care and Use Committee (IACUC), University of Louisville.
Culture medium. We used serum-free RPMI 1640 supplemented with ITS + culture supplement (Becton Dickinson, Bedford, Massachusetts).
Preparation of EA-iC3b and polymeric iC3b (piC3b).
EA-iC3b and piC3b were prepared following standard methods 21, [43] [44] [45] . EA-iC3b or control EA resuspended in RPMI containing OVA (5 mg/ml, Sigma, St. Louis, Missouri) or piC3b (10 µg/ml) was added to PEC at the 'preparation of APC' step of in vitro suppression of DTH (refs. 14-16). The erythrocytes were removed by washing before addition of the splenocytes. PEC incubated with PBS served as the control for piC3b.
Induction of in vivo suppression of DTH by AC injection. Rats and mice received AC injection of 100 and 60 µg of OVA, respectively [11] [12] [13] [14] . Controls received a similar injection of sterile PBS. In two additional groups of Lewis rats, complement was depleted using CVF (ref. 19 ), 24 h before the AC injection. DTH specific to OVA was measured [11] [12] [13] [14] .
Induction of in vivo suppression of DTH by intravenous injection. PEC prepared as described below were cultured with OVA in the presence and absence of piC3b or EA-iC3b. After a 12-h incubation, PEC (5 × 10 4 ) were injected intravenously 18 into naive Lewis rats and OVA-specific DTH was measured [11] [12] [13] [14] . To determine the importance of iC3b during the contact of antigen and APC, OVA and PEC cultured with piC3b for 12 h were washed and cultured for an additional 24 h, with or without freshly added piC3b. OVA and PEC were also cultured in the absence of piC3b for 12 h followed by culture with or without iC3b for an additional 24 h. These OVA-PEC (5 × 10 4 ) were injected intravenously 18 into naive rats and OVA-specific DTH was measured [11] [12] [13] [14] .
Induction of in vitro suppression of DTH. APC were prepared following standard methods [14] [15] [16] . Plastic adherent PEC were cultured overnight (12 h) with OVA (5 mg/ml) and were then co-cultured with naive syngeneic splenocytes from naive Lewis rats for 5 d. Non-adherent cells were collected, resuspended in RPMI containing OVA (10 mg/ml) and mixed with equivalent numbers of OVA-primed syngeneic splenocytes. This cell mixture (2 × 10 6 cells) was injected into the foot-pad, and foot-pad swelling was measured at 24 h (refs. 12-16). Splenocytes from naive rats served as the negative control, while the positive control consisted of primed splenocytes alone. Regulatory T cells generated by OVA-APC exposed to iC3b-and KLH-primed syngeneic splenocytes were used to determine the antigen specificity of iC3b-induced suppression of DTH. 
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In vivo antibody treatment. The IgG fraction (0.5 mg) of mouse anti-rat-CR3 (clone OX-42, mouse IgG2a, BD Biosciences, San Jose, California) was administered intraperitoneally in Lewis rats, once only, 24 h before the AC injection of OVA. Control animals received a similar injection of normal mouse IgG2a. For intravenous injection, the IgG fraction of anti-rat CR3 (4.0 µg/ml) was added to OVA and PEC and the reaction was allowed for 1 h before incubation with EA-iC3b. OVA-PEC cultured with normal mouse IgG2a was used as the control.
In vitro antibody treatment. The IgG fraction of anti-rat CR3 (4.0 µg/ml) was added to OVA and PEC and the reaction was allowed for 1 h before incubation with EA-iC3b using in vitro suppression of DTH. The IgG fraction of goat antibodies against rat IL-10 (10.0 µg/ml) or porcine TGF-β2 (0.3 µg/ml) was added at the same time as addition of EA-iC3b. Antibodies against TGF-β2 and IL-10 were from R&D Systems (Minneapolis, Minnesota). Normal mouse IgG2a was the control for OX-42, whereas normal goat IgG was the control for antibodies against IL10 and TGF-β2.
ELISA. OVA-PEC were incubated overnight under the following conditions: OVA-PEC with iC3b; OVA-PEC without iC3b; OVA-PEC with iC3b and OX-42; and OVA-PEC with iC3b and control IgG. The next day, erythrocytes were removed, fresh medium was added and the cells were cultured for an additional 24 and 48 h. Supernatants collected at 24 and 48 h were assayed for IL-10 and IL-12 proteins using ELISA kits from Endogen, Inc. (Woburn, Massachusetts) and Biosource International (Camarillo, California), respectively.
RT-PCR analysis. Total RNA (0.1 µg) from OVA-PEC cultured for 3, 6, 12, 24 and 48 h in the presence or absence of iC3b as well OVA-PEC cultured for 6 h in the presence of OX-42 and iC3b was used to detect the mRNA levels of GAPDH, IL-10 and TGF-β2 by RT-PCR using the RNA-PCR kit (Perkin-Elmer Corporation, Boston, Massachusetts). The negative controls consisted of omission of RNA or reverse transcriptase from the reaction mixture. PCR products were quantitated by densitometery, using the Molecular Analyst/PC program (Bio-Rad, Hercules, California). RT-PCR was carried out using the following primers: GAPDH (F-5′-TGAAGGTCGGTGT-CAACGGATTTGGC-3′, R-5′-CATGTAGGCCATGAGGTCCACCAC-3′); IL-10 (F-5′-AAGGACCAGCTGGACAACAT-3′, R-5′-AGACACCTTTGTCTTGGAGC-TTA-3′); TGF-β2 (F-5′-CTCCTGCATCTGGTCCCGGT-3′, R-5′-GCACG-GCGTCTGTCACGTCG-3′).
Statistics. Each group consisted of 6 animals and experiments were repeated 5 times with similar results. Differences between groups were evaluated by Student's t-test.
